Epistasis, an additive-by-additive interaction between quantitative trait loci, has been defined as a deviation from the sum of independent effects of individual genes. Epistasis between QTLs assayed in populations segregating for an entire genome has been found at a frequency close to that expected by chance alone. Recently, epistatic effects have been considered by many researchers as important for complex traits. In order to understand the genetic control of complex traits, it is necessary to clarify additive-by-additive interactions among genes. Herein we compare estimates of a parameter connected with the additive gene action calculated on the basis of two models: a model excluding epistasis and a model with additive-by-additive interaction effects. In this paper two data sets were analysed: 1) 150 barley doubled haploid lines derived from the Steptoe´Morex cross, and 2) 145 DH lines of barley obtained from the Harrington´TR306 cross. The results showed that in cases when the effect of epistasis was different from zero, the coefficient of determination was larger for the model with epistasis than for the one excluding epistasis. These results indicate that epistatic interaction plays an important role in controlling the expression of complex traits.
Introduction
Epistasis (an additive-by-additive interaction between quantitative trait loci or a nonallelic interaction of homozygous loci) was recognized as early as 100 years ago by Bateson (1909) to describe a situation where the action of one locus masks the allelic effects at another locus. However, in classical statistical genetics, epistasis has been used as a statistical abstraction, so that less attention has been paid to the molecular and physiological nature of the gene interaction involved (Tachida and Cockerham, 1989 ).
Epistatic interactions of major genes, denoted as aa (Kearsey and Pooni, 1998) , have often been inferred from modified segregation ratios (Eshed and Zamir, 1996) . For genes affecting quantitative traits epistasis has been defined as a deviation from the sum of independent effects of individual genes (Falconer, 1989) . Epistasis between quantitative trait loci (QTLs) assayed in populations segregating for an entire genome has been found at a frequency close to that expected by chance alone (Edwards et al., 1987; Doebley and Stec, 1991; Paterson et al., 1991; Stuber et al., 1992; De-Vicente and Tanksley, 1993; Lin et al., 1995; Xiao et al., 1995) . Recently epistatic effects have been considered by many researchers as important for complex traits (Lark et al., 1995; Eshed and Zamir, 1996; Cockerham and Zeng, 1996; Yu et al., 1997; Conti et al., 2011; Gowda et al., 2011; Jiang et al., 2011; Li et al., 2011; Mao et al., 2011; Upadhyaya et al., 2011; Bocianowski, 2012a,b,c) . Hence, genetic models for QTL mapping assuming no epistasis could lead to a biased estimation of QTL parameters.
A common problem reported so far as associated with the analyses of data is that analyses of single-locus QTLs and epistatic interactions were conducted separately using different analytical tools (Xing et al., 2002; Bocianowski, 2008 Bocianowski, , 2012a Krajewski et al., 2012) . Although both of the analytical tools can provide statistical estimates for the amount of the effects and the proportions of variance explained, it is necessary for a joint estimation to evaluate the relative importance of individual QTLs and epistatic interactions in determining the performance of these traits.
The aim of the current study was to compare estimates of a parameter connected with the additive gene action calculated on the basis of two models: a model excluding epistasis and a model with additive-by-additive interaction effects. To this end, two data sets were analysed: 1) 150 barley doubled haploid lines derived from the Steptoe´Morex cross, and 2) 145 doubled haploid lines of barley obtained from the HarringtonTR´306 cross.
The total additive effect of genes influencing the traits, defined as the sum of absolute values of individual additive effects, can be found in Bocianowski and Krajewski (2009) as:
The total epistasis effect of gene pairs influencing the trait, defined as the sum of values of individual pairs effects, is given in Bocianowski (2012b) as:
Markers chosen for models (1) and (2) may, for example, be selected, by a stepwise regression procedure (Charcosset et al., 2001 ). Here we used a three-stage algorithm, in which selection was first made by a backward stepwise search conducted independently within all linkage groups and then markers selected in this way were placed in one group and subjected to the second backward selection (see Jansen and Stam, 1994) . Finally, at the third stage, we considered situations in which selected markers were located on the chromosome very close to each other (closer than 5 cM). Because these markers are probably linked to one QTL, only the marker with the largest value of the statistic test was retained in the set. At the first and second stages the Bonferroni correction was applied to control type I error for multiple tests (Province, 2001) . For epistasis only markers showing significant association with traits were tested.
The coefficient of determination (R 2 ) was used to measure how the model fits the data and, in this study, how the amount of the phenotypic variance is explained by the marker effects and marker interaction effects.
Examples
To compare the estimates of a obtained by the two methods (excluding and including epistasis), the following data sets were used.
Example 1
The data concern 150 doubled haploid (DH) lines of barley obtained from the Steptoe´Morex cross, used in the North American Barley Genome Mapping (NABGM) project and tested in sixteen environments (Kleinhofs et al., 1993; Romagosa et al., 1996 ; GrainGenes database, Steptoe´Morex cross). The linkage map used consisted of 223 molecular markers, mostly RFLP, with a mean distance between markers of 5.66 cM. The lines were analysed for eight phenotypic traits (alpha amylase, AA; diastatic power, DP; grain protein, GP; grain yield, GY; height, H; heading date, HD; lodging, L; malt extract, ME; . Grain protein, lodging and malt extract were transformed by arcsin / x 100. Missing marker data were estimated by the method of Martinez and Curnow (1994) , using non-missing data of flanking markers.
Example 2
The data also come from the NABGM project (Tinker et al., 1996 ; GrainGenes database, Hordeum) and concern 145 doubled haploid (DH) lines of barley obtained from the Harrington´TR306 cross. The lines were analysed for seven phenotypic traits (weight of grain harvested per unit area, GY; number of days from planting until emergence of 50% of heads on main tillers, HD; number of days from planting until physiological maturity, NM; plant height, H; lodging transformed by arcsin / x 100, L; 1000 kernel weight, KW; and test weight, TW). We used a map composed of 127 molecular markers (mostly RFLP) with the mean distance between markers of 10.62 cM. Results shown below concern observations from five environments (in four environments observations were made over two years).
The total additive effects of QTLs were estimated for model (1) -without epistasis and for model (2) -with epistasis, for each environment independently for both data sets. Table 1 presents estimates of the total additive effects for the 150 doubled haploid lines of barley obtained from the Steptoe´Morex cross calculated by an assumption of a lack of epistasis effect (model 1), as well as by an assumption of the effect of epistasis interactions of genes (model 2). The obtained results showed that in 27 cases (30%) no Epistasis interaction of QTL 95 Idaho, 1991; ID92 -Tetonia, Idaho, 1992; MA92 -Brandon, Manitoba, 1992; MN92 -Crookston, Minnesota, 1992; MTd91 -Bozeman, Montana, dry, 1991; MTd92 -Bonzeman, Montana, dry, 1992; MTi91 -Bozeman, Montana, irrigated, 1991; MTi92 -Bozeman, Montana, irrigated, 1992; NY92 -Ithaca, New York, 1992; ON92 -Guelph, Ontario, 1992; OR91 -Klamath Falls, Oregon, 1991; Kg92 -Goodlae, Saskatchewan, 1992; SKg93 -Kcfr, Saskatchewan, 1992; SKo92 -Outlook, Saskatchewan, 1992; WA91 -Pullman, Washington, 1991; WA92 -Pullman, Washington, 1992. statistically significant epistasis interaction effects were found. In 24 cases the values of additive effects were lower after epistasis had been incorporated in the model, compared to the case when this effect was excluded. The largest decrease of values of additive effects was observed for AA in MN92 -by 49.97% (Table 1) . In 39 cases, allowance for the epistasis effect caused an increase in the value of additive effects (Table 1 ). The largest increase of a amounted to 142.86% (for GP in MTi92). The percentage phenotypic variance explained by QTL effects and their epistasis effects was larger than R 2 100 for model (1), except for one case, ME in MN92, where the decrease amounted to 0.3% ( Table 2 ). The maximal increase of the observed phenotypic variation was 16.6% (from 25.2% to 41.8% for GY in WA92). In ten cases, an increase in R 2 was observed, amounting to at least 10% (Table 2) .
Results
For the second dataset (146 doubled haploid lines of barley obtained from the HarringtonTR´306 cross), no epistasis effects were found in 38 cases (Table 3) . With the incorporation of the effect of epistasis interaction in 14 cases, an increase of additive effect value and a reduction in the value of a was denoted in 11 cases (Table 3 ). The largest reduction in the value of parameter a was 46.10% (for H in MB93), whereas the largest increase of an additive effect was 28.88% (for WG in QC93). In all the cases, when the effect of epistasis was different from zero, the coefficient of determination was larger for model (2) than for model (1). 96 Bocianowski The largest increase in the R 2 value, amounting to 11.0%, was observed for L in ON93b (Table 4) .
Discussion
The identification of QTLs and the elucidation of their genetic control (main effects and their epistatic effects) are essential for the development of efficient marker-assisted selection (MAS), aimed at improving breeding efficiency (Govindaraj et al., 2009) . A direct implication of epistasis, especially the involvement of QTLs in epistatic interactions, is that the effects of single-locus QTLs are mostly dependent on the genotypes of other loci, and the effect of a QTL can sometimes be negated by the genotypes of a second locus. Thus any attempt to utilize QTLs in breeding programs has to take into account such epistatic effects. It is worthy of note that, although this study revealed a large number of epistases events through statistical genetic analysis, many further studies are needed before we can fully understand the biological meaning of these phenomena.
The most-important results of this study relate to the statistical characterization of the genetic components that control the expression of the traits, including additive-byadditive epistatic interactions. Ma et al. (2007) observed that 37% of the main-effect QTLs were involved in the epistatic interactions in maize grain yield and its components. This indicated that many loci in epistatic effects might not have significant effects for studied trait alone but might affect its expression by epistatic effects with the other loci. The results obtained herein also suggest that some of the additive QTLs might be detected with effects confounded by epistatic effects, if the epistatic effects were ignored in QTL mapping.
Incorporation of epistasis interaction of QTLs provided a more comprehensive characterization of the analyzed DH lines. This is evidenced by the higher R 2 values for model (2) than for model (1), i.e. the one excluding epistasis (Tables 2 and 4 ). Thus it may be concluded that QTL epistasis is a significant component for the understanding of the genetic control of determined phenotypic values, while failure to include epistasis may result in an incomplete or even erroneous characterization of the analyzed. In the presence of epistasis, however, the control of only main-effect markers is insufficient, because the epistatic effects of QTLs will also show influences, particularly in the case of complex phenotypes (Li et al., 1997a,b) . Thus, inclusion of interaction markers closely linked to epistatic QTLs in the statistical models is expected to imEpistasis interaction of QTL 97 Ontario, 1992; ON93a -Ailsa Craig, Ontario, 1993; ON92b -Elora, Ontario, 1992; ON93b -Elora, Ontario, 1993; MB92 -Brandon, Manitoba, 1992; MB93 -Brandon, Manitoba, 1993; QC93 -Ste-Anne-de-Bellevue, Quebec, 1993; SK92a -Outlook, Saskatchewan, 1992; SK93a -Outlook, Saskatchewan, 1992. prove the power and accuracy of QTL mapping. The phenomenon of a biased estimation of additive effects in the absence of important interaction effects has already been addressed by Zeng et al. (2005) in the analysis of simulation data. A significant proportion of the identified additive effect QTLs were involved in digenic interactions with background loci. Thus, the usual estimates of additive effects of a QTL can be confounded by interactions, which may change according to genetic backgrounds, environments, and other factors. This means that QTLs and the epistatic loci are interchangeable, depending on the genetic backgrounds and probably environments where they are identified. This study showed that, besides the main (additive) effect QTLs, epistatic QTLs also play a crucial role in determining phenotypic values. Even if the epistatic interactions of main effect QTLs limit their usefulness in MAS programmes (Tan et al., 2001) , the pronounced individual additive effects of these QTLs are sufficient enough to recruit them for MAS (Govindaraj et al., 2009) . Because of the interaction between different loci, the offspring phenotype will be largely influenced by the genetic background of the receptor line when marker-directed selection is carried out (Tan et al., 2001 ).
The results obtained herein reinforce the importance of epistasis investigations in marker trait association studies, as the individual effect of a marker as locus depends on the marker genotype at other interacting loci. In fact, a favorable allele at one locus may be an unfavorable one in a different genetic background, and vice versa (Holland, 2001) . Thus, this has to be taken in consideration, especially for sugarcane, due to the several possible interactions between the multiple alleles from different loci.
Furthermore, the results indicate that epistatic interaction plays an important role in controlling the expression of complex traits. Yu et al. (1997) and Rahman et al. (2007) also identified a number of epistatic QTLs influencing yield and yield components. Thus, the utilization of marker assisted selection in different plant breeding programs has to take epistatic effects into consideration. Table 3 .
